We demonstrate templating of functional materials with unexpected and intricate micro and nanostructures by controlling the condensation, packing and evaporation of water droplets on a polymer solution. Spontaneous evaporation of a polymer solution induces cooling of the liquid surface and water microdroplet condensation from the ambient vapor. These droplets pack together and act as a template to imprint an entangled polymer film. This Breath Figure (BF) 
phenomenon is an example of self-organization that involves the long-range ordering of droplets.
Equilibrium-based analysis provides many insights into contact angles and drop stability of individual drops but the BF phenomenon remains poorly understood thus so far preventing translation to real applications. Here we investigate the dynamics of this phenomenon to separate out the competing influences and then introduce a modulation scheme to ultimately manipulate the water vapor-liquid-equilibrium independently from the solvent evaporation. This approach to BF control provides insights into the mechanism, a rationale for microstructure design and evidence for the benefits of dynamical control of self-organisation systems. We finally present dramatically different porous architectures from this approach reminiscent of microscale Petri-dishes, conical flasks and test-tubes.
In 1911 Lord Rayleigh examined closely the condensation and evaporation of patterns of water droplets on a glass plate, noting especially the droplet edge pinning and changes in contact angle 1 . Known as breath figures (BFs), this has more recently become the subject of intense research with the focus still on the three-phase interface behavior.The current growth in interest can be traced back to the pioneering work observing and controlling breath figures on liquid surfaces 2 -5 . Francois et al. 6 and Limaya et al. 7 noted that the same condensation phenomenon can be applied to polymer solutions when using volatile solvents to give ordered, non-coalescing arrays of droplets. The use of volatile solvents was explored because the droplets actually served to imprint their shape into the final polymeric film, thus providing a facile and inexpensive route 3 to form a porous polymeric microstructure 8, 9 and explain the earlier observations by Widawski et al. 10 Numerous studies have sought to control pore size and pore mono-dispersity by understanding the non-coalescence phenomenon of the templating microdroplets [11] [12] [13] [14] [15] [16] Figure 1 (c), is evidently due to maintaining conditions where the surface tension of the water droplet is the dominant factor in controlling shape and this is ultimately transferred to the pore microstructure. Here, we demonstrate that the shapes do not have to be controlled by surface tension alone and the microstructure can be manipulated by controlling the timing of the water phase change events and the local polymer composition. In particular, we introduce an easy-toimplement modulated growth scheme that separately controls the preparation of the polymer surface and the delivery of water droplets onto that surface. This provides insights into the system dynamics, and in addition the ability to create arrays of previous unknown porous microstructures that range in shape from microscale Petri-dishes (Figure 1d ), conical flasks and round bottom flasks to test-tube like structures (shown later in Figure 4a -f). been proposed that the drops do not coalesce during this process due to a combination of polymer precipitation at the drop interfaces and the presence of a thin layer of solvent 26 . As this process continues, the polymer concentration increases, evaporation slows and the temperature of the solution begins to rise again, returning above the dew point. At this point, the water vaporliquid-equilibrium (VLE) switches direction and the droplets begin to evaporate. In the standard approaches reported, this VLE switch always happens after a sufficient increase in polymer concentration for the droplets to template the film permanently, with resulting pores retaining the spherical droplet shape. To explore the dynamics of this system more fully, we modify the timing of this switch by controlling solvent evaporation and relative humidity independently. This is achieved by separately modulating the gas flow rate and relative humidity over the polymer solution and provides unprecedented control of key process parameters: temperature, relative humidity, air flow rates and mass gain/loss. In addition to unique insights into the breath figure phenomenon this approach facilitates a dramatic level of microstructure control. A robust set of experiments examined the achievable pore opening dimensions (rather than pore volume) attainable from a set of three solvents. A remarkable cross-solvent trend (shown in S.I. 6)
RESULTS AND DISCUSSION
is observed for achievable pore size and can be used in conjunction with this critical humidity data to provide control over both pore formation and pore size. Under the critical onset conditions shown in Figure 2 (b), and despite the short time duration available for condensation, the droplets are still able to imprint their shapes onto the polymer.
Remarkably, however, the imprinted pore shape bears little resemblance to a spherical droplet.
Across the entire range of onset conditions shown in Figure 2(a) , the imprinted pores all have the same structure; they are flat-based and shallow pores, with shapes that are reminiscent of Petri dishes (see inset Figure 2b ). The fact that this new morphology is highly ordered and monodisperse (see inset Figure 1a ) indicates that it originates from the same non-coalescing breath figure phenomenon and this is directly confirmed by optical microscopy. Pores formed at RH levels above the continuous flow onset conditions in Figure 2 (a) invariably have a spherical shape until very high humidities lead to pore destabilization and coalescence. Based on these observations, it is speculated that the ability to create non-spherical pores depends on controlling the polymer solution properties independently from the phase change behavior of the water. To tune the solution surface, we developed a system to actively and independently modulate the Continuing to increase exposure to RH leads to standard spherical pores and then remarkably to a previously inaccessible region of phase space with cylindrical pores. These structures are very interesting because of the difficulty in making high aspect ratio features with nanoscale wall thicknesses (approximately 30nm, measured using a helium ion microscope).
The portion of the experimental phase space explored in Figure 3 captures the accessible pore structures starting from just a single set of conditions and for a given initial polymer concentration and solvent. Clearly the number of possible conditions (and hence morphologies)
is very large. For example, when examining other solvent systems, it was noted that toluene led to a single layer of pores, similar to those reported for chloroform. However, dichloromethane led to a foam-like multi-layer structure as shown in Figure 4 (a). Using the modulation technique, this multi-layer structure was consistently reduced to a single layer of pores, as shown in Figure   4 (b). The details of the experimental conditions are provided in S.I.8.
The modulation system is observed to uniquely allow control over pore shape without compromising the ordering process. In all of the cases examined, we have maintained the same initial drying step (Stage 1) and so water droplets must begin to condense, grow and order in very similar conditions for all of the modulation techniques applied. However, it is the presence of the consistently high humidity that leads to long, cylindrical pores and the sudden low humidity that leads to shallow, Petri-dish pores. The ordering for these structures can be seen in While mapping the complete range of possible parameters is not the focus of this manuscript, some additional findings should be noted. As expected, with an increase in polymer concentration and a subsequent drop in the rate of solvent evaporation, the final drop size and pore opening size decreases. For constant flow experiments this ranged from 4-5 μm pore opening diameters at 3% w/w to 2.6 μm at 5% w/w. Once the polymer concentration reaches too high a level (e.g. 8% w/w), the system becomes poorly controllable with a wide pore size distribution and polymer skin formation reducing the rate of evaporation further. The microstructure also changes from standard spherical pores ( Figure 1c ) at 3-4% w/w to conical flask shapes at 7-8% w/w as shown in Figure 4 (f).
The observations from the detailed phase-space mapping carried out so far allow us to speculate on the underlying pore formation mechanism. The observation of flat-base pores for instance suggests that by switching the VLE of the water droplets, the droplets evaporate prior to the surrounding polymer becoming fully set. The upper surface is always the first to set, due to the solvent-evaporation-driven concentration gradient. Without the droplet to maintain the pore integrity, the viscous polymer solution can begin to recover, flattening the base of the pores. If a surface is allowed to continue to recover until the pores have completely vanished, there are often ordered arrays of features on the surface, such as very shallow imprints as seen in Figure 4 (d-e).
The chosen modulated approach drives a rapid evaporation without inducing water condensation.
This is believed to lead to a cold surface, a more viscous sample and also a concentration gradient of polymer. On the other hand elongated pore structures are formed because this concentration gradient propagates downwards during evaporation and stabilizes the upper part of the drop, preventing a Rayleigh instability, while still allowing droplet growth into the lower section. This can only occur under very particular conditions. A wide range of volatile solvents have been explored in the literature, most commonly carbon disulphide 9, 10, 27 , toluene, chloroform 28, 29 , and THF 28, 30, 31 . We note that the droplets can be highly unstable at the interface and with a very volatile solventsuch as dichloromethane. The droplets can be swept below the surface on convection currents 32 , leading to a similar process to emulsion templating. This can again be switched off by a modulation approach, which will increase the solution viscosity due to both a drop in temperature and increase in polymer concentration, cutting off the strong currents 33 .
CONCLUSIONS
The results of previous work indicated that the solvent determines the droplet positioning at the solution/air interfac 29, 34 . Here, by considering the dew point temperature, a solvent can be linked to both the flow rate required and the final pore size expected under constant flow conditions (S.I. 6). It is clearly shown that a much greater range of pore geometries are accessible than previously noted with a modulated flow technique. By exploiting the dynamical nature of BF templating, a heuristic has been developed to imprint into a polymer solution of controlled polymer concentration gradient and subsequently, to control relaxation flow and to "dial-in" a broad spectrum of microstructures. Current work is focusing on the expanding to other self-organization systems, conformal coating and functional particulate applications, with early examples shown in S.I. 9. In addition modelling of the concentration gradient dynamics and stabilization mechanism is planned to help elucidate further the feasible controls and to allow commercial applications to develop at a more rapid pace.
METHODS
The solvents used to examine breath figure templating were (i) chloroform for spectroscopy, Uvasol® supplied by Merck, (ii) toluene puriss., absolute, over molecular sieve (H2O ≤ 0.005%), 
